polymer as a result of swelling. One skilled in the art reading Hachisuka would understand that 
the shape memory polymers that change shape as a result of a change from a glass state to a 
rubber state would be equivalent to polymers that change shape as a result of swelling, because 
to function as a separation membrane in accordance with the teaching of Hachisuka, the two 
kinds of shape memory polymers would need to exhibit similar shape change properties. When 
this understanding is combined with Yamaguchi's teaching away from the use of a polymer that 
swells, one skilled in the art would find no motivation and, in fact, would be directed away from 
using Hachisuka's shape memory polymers that change shape as a result of a transition from a 
glass state to a rubber state. For this additional reason, Yamaguchi and Hachisuka are not 
properly combined and a prima facie case of obviousness with respect to the subject matter of 
Claim 1 does not exist. 

Because the cited references do not teach or render obvious the claimed invention, 
withdrawal of the rejection is respectfully requested. 

CONCLUSION 

In view of foregoing remarks, applicants believe that Claims 1-10 are in condition for 
allowance. If any issue remains that may be expeditiously addressed in a telephone interview, 
the Examiner is encouraged to telephone applicants' attorney at the number listed below. 
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is taken into consideration, we fine' 
very broad, additional spectrum of 
possible applications for intelligent 
polymers that covers an area from 
minimally invasive surgery, through 
high-performance textiles, up to self- 
repairing plastic components in every 
kind of transportation vehicles. 

Keywords: block copolymers • mate- 
rial science • polymers • shape-mem- 
ory polymers 



Material scientists predict a prominent 
role in the future for self-repairing and 
intelligent materials. Throughout the 
last few years, this concept has found 
growing interest as a result of the rise 
of a new class of polymers. These so- 
called shape-memory polymers by far 
surpass well-known metallic shape- 
memory alloys in their shape-memory 
properties. As a consequence of the 
relatively easy manufacture and pro- 
gramming of shape-memory polymers, 



these materials represent a cheap and 
efficient alternative to well-established 
shape-memory alloys. In shape-memo- 
ry polymers, the consequences of an 
intended or accidental deformation 
caused by an external force can be 
ironed out by heating the material 
above a defined transition tempera- 
ture. This effect can be achieved be- 
cause of the given flexibility of the 
polymer chains. When the importance 
of polymeric materials in our daily life 



L Introduction 

Shape-memory materials are stimuli-responsive materials. 
They have the capability of changing their shape upon 
application of an external stimulus. A change in shape caused 
by a change in temperature is called a thermally induced 
shape-memory effect. The main focus of this review article is 
on thermoresponsive shape-memory polymers. The shape- 
memory effect is not related to a specific material property of 
single polymers; it rather results from a combination of the 
polymer structure and the polymer morphology together with 
the applied processing and programming technology. Shape- 
memory behavior can be observed for several polymers that 
may differ significantly in their chemical composition. How- 
ever, only a few shape-memory polymers are described in the 
literature. The process of programming and recovery of a 
shape is shown schematically in Figure 1. First, the polymer is 
conventionally processed to receive its permanent shape. 
Afterwards, the polymer is deformed and the intended 
temporary shape is fixed. This process is called programming. 
The programming process either consists of heating up the 
sample, deforming, and cooling the sample, or drawing the 
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Figure 1. Schematic representation of the thermally induced one-way 
shape-memory effect. The permanent shape is transferred to the temporary 
shape by the programming process. Heating the sample to a temperature 
above the switching transition 7/„., n! results in the recovery of the permanent 

sample at a low temperature (so called "cold drawing"). The 
permanent shape is now stored while the sample shows the 
temporary shape. Heating up the shape-memory polymer 
above a transition temperature r tlans induces the shape- 
memory effect. As a consequence, the recovery of the stored, 
permanent shape can be observed. Cooling down the polymer 
below the transition temperature leads to solidification of the 
material, however, no recovery of the temporary shape can be 
observed. The effect described is named as a one-way shape- 
memory effect. By further programming, including mechan- 
ical deformation, the work piece can be brought into a 
temporary shape again. This new temporary shape does not 
necessarily match the first temporary shape. 

In Figure 2 a picture sequence demonstrates impressively 
the performance of shape-memory polymers. The permanent 
shape of the polymers formed from 1 and 2 is that of a rod, 
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which has been deformed to a spiral (temporary shape) during 
the programming process. Under the influence of hot air 
having a temperature of 70 °C the permanent shape is 
recovered as soon as the switching temperature r, rans is 
reached. The permanent shape is recovered with a precision 
of more than 99% with appropriately optimized program- 
ming conditions. This precision makes these materials suitable 
for highly demanding applications.'" 

Since the 1960s, polyethylene that is covalently cross-linked 
by means of ionizing radiation has found broad application as 
heat-shrinking film or tubing, especially for the insulation of 
electric wires or as protection against corrosion of pipe 
lines. [2 ~ 7 ' These materials are marketed under the catchphrase 
"heat-shrinkable materials". The mechanism of the heat- 
shrinking process is in analogy with the thermally induced 
shape-memory effect. Here, the permanent shape is also fixed 
by covalent cross-links and the switching process is controlled 
by the melting temperature of the polyethylene crystallites. 

More and more reports about linear, phase-segregated 
multiblock copolymers, mostly polyurethanes, can be found in 



the literature under the name of the generic term "shape- 
memory polymers" (see Section 2.4.1). These elastic materials 
show at least two separated phases. The phase showing the 
highest thermal transition r perm acts as the physical cross-link 
and is responsible for the permanent shape. Above this 
temperature the polymer melts and can be processed by 
conventional processing techniques such as extrusion or 
injection molding. A second phase serves as a molecular 
switch and enables the fixation of the temporary shape. The 
transition temperature for the fixation of the switching 
segments can either be a glass transition (T g ) or a melting 
temperature (T m ). After forming the material above the 
switching temperature, but below r ptrra , the temporary shape 
can be fixed by cooling the polymer below the switching 
temperature. Heating up the material above T trans again 
cleaves the physical cross-links in the switching phase. As a 
result of its entropy elasticity (see Section 2.1.3) the material 
is forced back to its permanent shape. Polyurethanes with 
shape-memory properties have found application as, for 
example, components in auto chokes. In this application it is 
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LL Metal Alloys 

The one-way shape-memory effect as described at the 
beginning was observed for the first time by Chang and Read 
in 1951 for a gold -cadmium alloyJ 20 ) In 1963 Buehler et al. 
described the shape-memory effect of nitinol, an equiatomic 
nickel -titanium alloy. [21 ' Here, the shape-memory effect is 
based on a martensitic phase transition taking place without 
diffusion (Figure 3). To generate the martensitic phase the 




martensitic phase deformed 

Figure 3. Schematic representation of the mechanism of the shape- 
memory effect for metallic alloys based on a martensitic phase trans- 
formation. 



X- - 




Figure 2. Transition from the temporary shape (spiral) to the permanent 
shape (rod) for a shape-memory network that has been synthesized from 
poly(c-capTolactone) dimethacrylate (1) and butylacrylate (2; co-monomer 
content: 50wt%; see Section 2.6.2). The switching temperature of this 
polymer is 46 °C. The recovery process takes 35 s after heating to 70 °C. 

^Y°C,H 9 2 1 



not the shape-memory effect that is used, but the property of 
the polymer to soften upon being heated up above the 
switching temperature. 18- " 1 

A substantially new development in connection with the 
design of shape-memory polymers are polymer systems. 
These are families of polymers in which macroscopic proper- 
ties (for example, mechanical properties or T, ra „ s ) can be 
controlled by a specific variation of molecular parameters. 
This makes it possible to tailor the specific combination of the 
properties of the shape-memory polymers that are required 
for specific applications just by a slight variation of the 
chemical composition. The shape-memory material presented 
in Figure 2 belongs to a family of multiphase polymer 
networks that are biocompatible and biodegradable. Such 
materials are highly interesting for applications in the field of 
minimally invasive surgery (see Section 2.6). 

There are other classes of materials such as metallic alloys, 
ceramics, and gels that show thermoresponsive shape-mem- 
ory properties. A short overview about these other shape- 
memory materials is given before shape-memory polymers 
are discussed in detail. 



material is cooled from a high temperature or parent phase 
showing a cubic symmetry (austenitic phase) down to a low 
temperature phase with lower symmetry (martensitic phase). 
The formation of the martensitic phase can be controlled by a 
temperature program which includes heating to temperatures 
up to 450 °C. The temporary shape of the material can now be 
produced by deformation of the material in the martensitic 
phase. The austenitic phase is reached upon heating the 
sample above the phase transition temperature and a recovery 
of the original external shape for deformations of up to 8% 
can be observed. 

Since nitinol is an equiatomic Ni-Ti alloy, possible fluctua- 
tions in stoichiometry have a strong influence on the resulting 
properties of the material. A deviation in the nickel content of 
1 atom% can shift the switching temperature up to 100 K. 
Besides the one-way shape-memory effect, nitinol exhibits so 
called superelasticity. Superelasticity is based on the phenom- 
enon that the martensitic phase is not stable above a certain 
temperature in the absence of an external force. Above this 
temperature an external deformation will spontaneously be 
recovered.! 223 '"*" 3 - 29 ) 

The Ni-Ti and Cu-Zn-Al alloys all found technical appli- 
cation. Nitinol is widely used for the manufacture of surgical 
devices and implants because of its biocompatibility. |22h - 10 - 311 
Cu-Zn-Al alloys are often used for nonmedical applications as 
a result of their advantageous thermal and electrical con- 
ductivity and their better ductility. Cu-Al-Ni as well as iron- 
based alloys such as Fe-Mn-Si, Fe-Cr-Ni-Si-Co, Fe-Ni-Mn, or 
Fe-Ni-C alloys have also been investigated in regard to their 
shape-memory properties. Fe-Mn-Si alloys, in particular, find 
applications as materials for screwed joints that can be heated 
after being screwed together to obtain further compres- 
sion.^."- »1 

Metallic alloys with shape-memory properties can show a 
two-way shape-memory effect after a certain "thermal train- 
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ing". In this case the material does not only "remember" the 
external shape in the parent phase but also the external shape 
in the martensitic phase. By this, it is possible to produce a 
defined structure at a defined temperature that has been 
programmed before. 1223 ' 1% 301 



L2. Ceramics 

With certain Zr0 2 ceramics, the transition from a tetragonal 
to a monoclinic structure occurs as a martensitic phase 
transition which is induced thermally or by the application of 
stress. These materials are called martensitic ceramics. The 
transformation back from the monoclinic to the tetragonal 
symmetry can occur thermoelastically, which is why marten- 
sitic ceramics show a thermoresponsive shape-memory ef- 

fect ,[2 2 g.23.24] 



L3. Gels 

A remarkable property of polymer gels is their ability to 
react to changes in the external conditions by considerable 
volume changes, swelling or shrinkage. The external stimulus 
is not only limited to temperature changes. Volume changes 
can also be triggered by a variation in the pH value, the ionic 
strength, or the quality of the solvent. In addition to this, it is 
possible to stimulate certain gels by the application of electric 
fields or light. The crucial point with gels is their poor 
mechanical stability. P 2- ** 1 

Hydrogels with hydrophobic, crystallizable side chains, and 
cross-linked polyvinyl alcohols) show a thermoresponsive 
one-way shape-memory effect. 132 ' 33 ' 3Z 39 - 401 Hydrogels formed 
from copolymerized acrylic acid 3 and stearyl acrylate (4) 
cross-linked with methylenebisacrylamide (5) show a strong 
temperature dependence in their mechanical properties. 

3 4 5 

Below 25 °C these polymers behave like tough polymers, 
while above 50 °C softening enables the materials to be 
extended up to 50 % . The softening results in a decrease of the 
elastic modulus by three orders of magnitude. The mechanical 
stability below 50 °C arises from the crystalline packing of the 
stearyl side chains. Above this temperature, the aliphatic side 
chains are amorphous and contribute to the flexibility of the 
hydrogels. The stretched shape can be maintained by applying 
the deformation force during the cooling process. When the 
material is heated up again above the transition temperature 
the one-way shape-memory effect takes place and the 
external shape in which the material was produced initially 
is recovered. The permanent shape is predetermined by the 
covalent polymer network. 136 - 39 1 

Linear polyvinyl alcohol) molecules form hydrogels as a 
result of the formation of physical cross-links through hydro- 



A. Lendlein and S. Kelch 



gen bonds and microcrystallites. Above a temperature of 
50 °C the physical cross-links melt and results in an increasing 
loss of stability. Above a temperature of 80 °C the physically 
cross-linked hydrogels become soluble in water. Chemically 
cross-linked hydrogels whose permanent shape is stable above 
80 °C can be obtained by cross-linking the 
polyvinyl alcohol) 6 with glutaraldehyde. Tj^B- 6 
After melting the physical cross-links in boil- 0H 
ing water, these chemically cross-linked hy- 
drogels can be streched by 200 % . By immersion of the system 
in methanol, a poor solvent, the elongation, and thus the 
temporary shape, can be fixed by deswelling and formation of 
physical cross-links. The permanent shape can be recovered 
by exposing the gel to boiling water. 1321 

An example of materials with a thermally induced two-way 
shape-memory effect are modulated gels. Such gels consist of 
layers and can perform even more complex shape changes. 
They contain two types of layers: a thermosensitive control 
layer (control element) and a substrate layer (substrate 
element) which is not sensitive to changes in temperature. 
The control layer consists of an ionic gel made from the 
copolymer 10 prepared from JV-isopropylacrylamide (NIPA, 
7) and sodium acrylate (8) cross-linked with methylenebisa- 
crylamide (5). A tenfold change in volume can be reached as a 
consequence of a thermally induced abrupt change in the gels 
microstructure. The gel is swollen below the lower critical 



solution temperature (LCST) of 37 °C. Exceeding this tem- 
perature causes shrinkage of the gel and the resulting 
decrease in the thermodynamic quality of the solvent 
produces a polymer-rich phase. The substrate layer can 
consist of a gel formed from polyacrylamide (PAAM) cross- 
linked with 5. At temperatures above 37 °C, the control layer 
shrinks drastically while the substrate layer does not undergo 
any noticeable changes in volume. To connect the two 
different layers, one side of the control layer, which consists 
of cross-linked copolymer 10, is exposed to an aqueous 
solution of acrylamide (11). In this way, the acrylamide 
solution diffuses into the control layer for a certain time 
period. The acrylamide is then polymerized by the addition of 
a radical initiator and 5 to form an interpenetrating network. 
The bigel strip bends uniformly upon heating to form an 
arch. A further rolling-up of the gel structure can be realized 
by an additional increase in temperature or by producing 
a longer sample. The change in shape is reversible and 
the system can switch between two defined shapes depending 
on whether it is below or above the transition temperature. 
By producing a modulated gel consisting of several alter- 
nating layers it is possible to obtain spirally, cylindrically, 
wavy structures, or any kind of bent, ribbonlike struc- 
ture. 135 ' 41 1 
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2. Thermally Induced Shape-Memory Effect in 
Polymers 

Before the molecular mechanism of the thermally induced 
shape-memory effect is explained in detail, the basic princi- 
ples of entropy elasticity are discussed. Methods for the 
quantification of shape-memory properties are presented and 
the corresponding physical quantities are introduced based on 
a description of the macroscopic shape-memory effect. A 
structured overview of thermoplasts and polymer networks 
that show shape-memory properties will be concluded by a 
summary of current research work in the field of shape- 
memory polymers. Polymers developed for biomedical appli- 
cations in particular will be focused upon. 



2.1. Thermodynamic Aspects Significant for the Shape- 
Memory Effect of Polymers 

2.1.1. Chain Conformation of Linear, Amorphous Polymers 

In the amorphous state, polymer chains take up a com- 
pletely random distribution in the matrix, without the 
restriction that is given by the order of crystallites in 
semicrystalline polymers. All possible conformations of a 
polymer chain have the same inner energy. If W expresses the 
probability of a conformation, a strongly coiled conformation, 
which is the state of maximum entropy, represents the most 
probable state for an amorphous linear polymer chain 
according to the Boltzmann equation [Eq. (1), S = entropy, 
k = Boltzmann constant] . m 



(1) 



2. 1.2. Transition from the Glassy State to the Rubber-Elastic 
State 

In the glassy state all movements of the polymer segments 
are frozen. The transition to the rubber-elastic state occurs 
upon increasing the thermal activation, which means that the 
rotation around the segment bonds becomes increasingly 
unimpeded. This situation enables the chains to take up one of 
the possible, energetically equivalent conformations without 
disentangling significantly. The majority of the macromole- 
cules will form compact random coils because this conforma- 
tion is entropically favored and, as a result, much more 
probable than a stretched conformation (see Section 2.1.1). 

In this elastic state a polymer with sufficient molecular 
weight (M„> 20000) stretches in the direction of an applied 
external force. If the tensile stress is only applied for a short 
time interval, the entanglement of the polymer chains with 
their direct neighbors will prevent a large movement of the 
chain. Consequently, the sample recovers its original length 
when the external stress is released. In this way, the sample 
shows a kind of memory for the nonstretched state. This 
recovery is sometimes called "memory effect", and is based 
on the sample's tendency to return to its original, most 
randomly coiled state that represents the most probable state. 
However, if the external tensile stress is applied for a longer 



time period, a relaxation process will take place which results 
in a plastic, irreversible deformation of the sample because of 
slipping and disentangling of the polymer chains from each 
other. The tendency of the polymer chains to disentangle and 
to slip off each other into new positions enables the segments 
to undergo a relaxation process and to form entropically more 
favorable random coils. 

In a similar way, an increasing rise in temperature above the 
glass transition temperature favors a higher segment mobility 
and a decrease in the mechanical stress in the elastic material 
being stretched by an external force. 147 - 481 



2.1.3. Entropy Elasticity 

The described slipping or flow of the polymer chains under 
stress can be stopped almost completely by cross-linking the 
chains. The cross-linkage points act as anchors or "permanent 
entanglements" and prevent the chains from slipping from 
each other. The cross-links can either be chemical and/or 
physical. Those materials are called elastomers. 

Chemically cross-linked polymers form insoluble materials 
which swell in good solvents. Their shape is fixed during the 
cross-linking and can not be changed afterwards. 

Thermoplastic elastomers contain physical netpoints. A 
requisite for the formation of the netpoints is the existence of 
a certain morphology of a phase-separated material, as found 
for block copolymers containing thermodynamically immis- 
cible components. The highest thermal transition T perm is 
related to the hard-segment-forming phase. If this thermal 
transition is not exceeded, these domains will stabilize the 
permanent shape by acting as physical netpoints in the 
material. Thermoplastic elastomers are very soluble in 
suitable solvents and can be processed from the melt. 

Besides the netpoints, networks contain flexible compo- 
nents in the form of amorphous chain segments. If the glass 
transition temperature of these segments is below the working 
temperature, the networks will be elastic. They show entropy 
elasticity and can be stretched with a loss of entropy. The 
distance between netpoints increase during stretching and 
they become oriented. As soon as the external force is 
released, the material returns to its original shape and gains 
back the entropy lost before. As a result, the polymer network 
is able to maintain the mechanical stress in equilibrium. 

Elastomers exhibit some extraordinary properties: they 
warm up when they are stretched; the elastic modulus 
increases upon heating; the coefficient of thermal expansion 
for a stretched elastomer is negative above the glass transition 
temperature; below the Rvalue the sample behaves like a 
glass and contracts if it is further cooled down (Figure 4). 
While the coefficient of ther- 
mal expansion is negative for 
a stretched sample, it is pos- 
itive for an unloaded sample. 

The inner energy of an 
ideal elastomer will not 
change if it is stretched. For 
this reason, the Helmholtz 
equation for the free ener- 
gy U is reduced according to 



Figure 4. Plot of the stress a in an 
elastomer which is stretched and 
then kept under constant strain 
over a temperature range above 
and below the T s value. 
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Equation (2). From the stress -strain behavior of a polymer 
network with a low degree of cross-linking and netpoints that 

U = - TAS (2) 

are sufficiently far away from each other, the change in free 
energy for the stretching of a standard volume is given by 
Equation (3). N is the number of chain segments between the 
netpoints and A,, Xy, and X z represent the elongation ratios in 
three dimensions (X = ///„), where / represents the length of the 
segments between the netpoints in the stretched state, and /„ 
represents the length of the segments in the unloaded 
state.l"*- 47 ) 

V = l -NkT(Xl+X y +X\-i) (3) 



2.2. Molecular Mechanism of the Shape-Memory Effect 
of Polymers 

An elastomer will exhibit a shape-memory functionality if 
the material can be stabilized in the deformed state in a 
temperature range that is relevant for the particular applica- 
tion. This can be reached by using the network chains as a 
kind of molecular switch. For this purpose the flexibility of the 
segments should be a function of the temperature. One 
possibility for a switch function is a thermal transition (T trans ) 
of the network chains in the temperature range of interest for 
the particular application. At temperatures above r lrans the 
chain segments are flexible, whereas the flexibility of the 
chains below this thermal transition is at least partly limited. 
In the case of a transition from the rubber-elastic or viscous 
state to the glassy state, the flexibility of the entire segment is 
limited. If the thermal transition chosen for the fixation of the 
temporary shape is a melting point, strain-induced crystal- 
lization of the switching segment can be initiated by cooling 
the material which has been stretched above the r, rans value. 
The crystallization achieved is always incomplete, which 
means that a certain amount of the chains remains amor- 
phous. The crystallites formed prevent the segments from 
immediately reforming the coil-like structure and from 
spontaneously recovering the permanent shape that is defined 
by the netpoints. The permanent shape of shape-memory 
networks is stabilized by covalent netpoints, whereas the 
permanent shape of shape-memory thermoplasts is fixed by 
the phase with the highest thermal transition at T vc , m . 

The molecular mechanism of programming the temporary 
form and recovering the permanent shape is demonstrated 
schematically in Figure 5 for a linear multiblock copolymer, 
as an example of a thermoplastic shape-memory polymer, as 
well as for two covalently cross-linked polymer networks. 

The "memory effect" mentioned in Section 2.1.2 is not a 
shape-memory effect. This expression describes the property 
of an elastomer one would not expect for an amorphous 
polymer chain. The "memory effect" represents a problem in 
the processing of non-vulcanized natural rubber. In the case of 
a quick deformation of the amorphous material by a sudden 
subsequent decrease or removal (or reduction) of the external 
force, the polymer re-forms its original shape. Such polymers 




Figure 5. Schematic representation of the molecular mechanism of the 
thermally induced shape-memory effect for a) a multiblock copolymer with 
T m „ = T m , b) a covalently cross-linked polymer with T,„ m = T m , and c) a 
polymer network with r,„„= T r If the increase in temperature is higher 
than r„.,„ of the switching segments, these segments are flexible (shown in 
red) and the polymer can be deformed elastically. The temporary shape is 
fixed by cooling down below T mm (shown in blue). If the polymer is heated 
up again, the permanent shape is recovered. 



will also exhibit a shape-memory effect if a suitable program- 
ming technique is applied. In this case, temporary entangle- 
ments of the polymer chains which act as physical netpoints 
can be used for the fixation of the permanent shape. This 
thermal transition can be used as a switching transition if the 
glass transition of the amorphous material is in the temper- 
ature range that is relevant for a specific application. In 
Section 2.4.2 this shape-memory mechanism is explained for a 
high molecular weight, amorphous polynorbornene. 



2.3. Macroscopic Shape-Memory Effect and 
Thermomechanical Characterization 

2.3.1. Cyclic, Thermomechanical Characterization 

The shape-memory effect can be quantified by cyclic, 
thermomechanical investigations. The measurements are 
performed by means of a tensile tester equipped with a 
thermochamber. In this experiment, different test protocols 
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are applied that differ, for example, in the programming 
procedure (cold drawing at T< T tlans or temporarily heating 
up of the test piece to T> r, rans ) or in the control options 
(stress or strain controlled). A single cycle includes program- 
ming the test piece and recovering its permanent shape. A 
typical test protocol is as follows: first, the test piece is heated 
up to a temperature r hign above the switching temperature 
7" lrans and is stretched to the maximum strain e m . In the case of 
thermoplasts it is important not to exceed the highest thermal 
transition T perm which would cause the polymer sample to 
melt. The sample is cooled down below the transition 
temperature T„ ms under a constant strain e m to a temperature 
r low , thus fixing the temporary shape. Retracting the clamps of 
the tensile tester to the original distance of 0% strain causes 
the sample to bend. After heating the sample up to T high > 
r lrans> it contracts and the permanent shape is recovered. The 
cycle then begins again. 

The result of such a measurement is usually presented in a 
e - a curve (Figure 6 a ; a = tensile stress). This is the reason for 
this test protocol being called a "two-dimensional measure- 
ment". Figure 6 represents schematic curves. Different effects 
can result in changes to the curve, particularly when the 
stretched sample is cooled down (position© in Figure 6a). 
Among others, the following effects play a role in these 
changes: differences in the expansion coefficient of the 
stretched sample at temperatures above and below r, lans as a 
result of entropy elasticity (see Section 2.1.3, Figure 4), as well 
as volume changes arising from crystallization in the case of 
7»ans being a melting point. 




Figure 6. Schematic representation of the results of the cyclic thermome- 
chanical investigations for two different tests: a) e-a diagram: © — 
stretching to £ m at 7" hl( ,„; ©—cooling to T, m . while s m is kept constant; 
©—clamp distance is driven back to original distance; ©—at f = 0% 
heating up to T„ lE „; © — start of the second cycle, b) t-T-a diagram: © — 
stretching to e m at r bi£h ; ©—cooling down to T ta with cooling rate k m] = 
dT/dr while <r m is kept constant; ©—clamp distance is reduced until the 
stress-free state (7=0 MPa is reached; ©—heating up to r h , 8 |, with a 
heating rate & heM = d77df at a = 0 MPa; ©—start of the second cycle. 



In addition to the elastic modulus E(T Ut)l ) at r high , which 
can be determined from the initial slope in the measurement 
range © (Figure 6 a), the elastic modulus of the stretched 
sample at T lo „ can also be determined from the slope of the 
curve at ® (Figure 6 a). The important quantities to be 
determined for describing the shape-memory properties of 
the material at a strain e m are the strain recovery rate R, and 
the strain fixity rate R t . Both can be determined according to 



equations (4), (5), and (6) from cyclic, thermomechanical 
measurements. 

The strain recovery rate R, quantifies the ability of the 
material to memorize its permanent shape and is a measure of 
how far a strain that was applied in the course of the 
programming e m - e p (N — 1) is recovered in the following 
shape-memory transition. For this purpose the strain that 
occurs upon programming in the Mh cycle e m -s p (N- ) is 
compared to the change in strain that occurs with the shape- 
memory effect e m -e p (N) [Eq. (4)]. e p (N-l) and e p (N) 

represent the strain of the sample in two successively passed 
cycles in the stress-free state before yield stress is applied. The 
total strain recovery rate R IM , is defined as the strain recovery 
after N passed cycles based on the original shape of the 
sample [Eq. (5)]. The strain fixity rate R s describes the ability 

R,..,(A0 = fm ~ t e " iN) (5) 

of the switching segment to fix the mechanical deformation 
which has been applied during the programming process. It 
describes how exactly the sample can be fixed in the stretched 
shape after a deformation to £ m . The resulting temporary 
shape always differs from the shape achieved by deformation. 
The strain fixity rate R f is given by the ratio of the strain in the 
stress-free state after the retraction of the tensile stress in the 
Mh cycle e„(N) and the maximum strain £ m [Eq. (6)]. [1] 

W> - 5f (6 ) 

As indicated in Figure 6, the first few cycles can differ from 
each other. The curves become more similar with an increas- 
ing number of cycles. The process of deformation and 
recovery of the permanent shape becomes highly reprodu- 
cible. The changes in the first few cycles are attributed to the 
history of the sample, thus, processing and storage play an 
important role. During the first cycles a reorganization of the 
polymer on the molecular scale takes place which involves 
deformation in a certain direction. Single polymer chains 
arrange in a more favorable way in regard to the direction of 
deformation. Covalent bonds may be broken during this 
process. 

An important variable that can not be determined by a two- 
dimensional measurement is T Ums . In this respect, the three- 
dimensional test record is interesting, and is shown schemati- 
cally in Figure 6 b. In contrast to the two-dimensional 
measurement, the sample is cooled down in a controlled 
way at a strain of e m and a constant tensile stress o m . The 
change in strain in this region is influenced by the temperature 
dependence of the coefficient of thermal expansion of the 
stretched polymer (see Section 2.1.3) and volume effects 
based on the thermal transition at r lrans (for example, a 
crystallization process). Having reached T k „, the strain is 
driven back until a stress-free state is reached. The sample is 
then heated up to r hiEh in a controlled way. In the course of this 
experiment the tensile stress is kept constant at 0 MPa, which 
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means that the clamps follow the movement of the test piece. 
The mechanical movement occurring in the course of the 
shape-memory effect is recorded as a function of the temper- 
ature. Both the temperature interval as well as T lr „ ns in which 
the shape-memory effect takes place can be determined from 
the interpretation of the e-T plane of the e-T-o diagram. 



2.3.2. Bending Test for the Determination of the Shape- 
Memory Effect 

In the course of the bending test a sample is bent at a given 
angle 0 S at a temperature above the switching transition and is 
kept in this shape. The so-deformed sample is cooled down to 
a temperature T ]ovl < T mm and the deforming stress is re- 
leased. Finally, the sample is heated up to the measuring 
temperature r hiEh > r, rans and the recovery of the permanent 
shape is recorded. The deformation angle 6 S varies as a 
function of time. The recovery rate R b is calculated from the 
ratio of the different angles before and after recovery 6> f and 
the deformation angle <9, in the temporary shape 
[Eq.(7)].l^"l 



2.3.3. Shrinkage Determination of Heat-Shrinkable 
Products 

The test samples stretched at room temperature are kept 
under a constant stress of about 0.2 MPa and heated above 
T nms . In the case of polyethylene cross-linked by means of 
ionizing rays, the material is heated up above the melting 
point of the PE crystallites. The shrinkage is then given by the 
ratio [Eq. (8)], where k = ljl 0 , l st , is the length of the 
stretched sample, and l s the length of the sample after the 
shrinkage process. Partly, instead of the original length of the 
sample / 0) the stretching ratio X, the ratio of the length of the 
stretched sample / str and l 0 , is used. The shrinkage process 
depends on the temperature T high . Therefore, the shrinkage 
l s (t) is often determined as a function of time for a given 
shrinkage temperature r high .l 49 - 5 °l 

Heat shrinkage [%] = ™ ~ j 100 = - - py lOO (8) 
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2.4. Physically Cross-Linked Shape-Memory Polymers 
2.4.1. Linear Block Copolymers 

In this section shape-memory polymers are presented that 
form part of the class of linear block copolymers. The 
mechanism of the thermally induced shape-memory effect 
of these materials is based on the formation of a phase- 
segregated morphology, which has been described in Sec- 
tion 2.2, with one phase acting as a molecular switch. Through 
the formation of physical netpoints, the phase with the highest 
thermal transition T fctm on the one hand provides the 
mechanical strength of the material, especially at T< T pcm , 
and on the other hand is responsible for the fixation that 
determines the permanent shape. The materials are divided 
into two categories according to the thermal transition of the 
particular switching segment on which the shape-memory 
effect is based. Either the transition temperature T ttm is a 
melting temperature T m or a glass transition temperature T g . 
In the case of a melting temperature, one observes a relatively 
sharp transition in most cases while glass transitions always 
extend over a broad temperature range. Mixed glass transition 
temperatures T gmbL between the glass transition of the hard- 
segment- and the switching-segment-determining blocks may 
occur in the cases where there is no sufficient phase separation 
between the hard-segment-determining block (block A) and 
the switching-segment-determining block (block B). Mixed 
glass transition temperatures can also act as switching 
transitions for the thermally induced shape-memory effect. 
Table 1 gives an overview of the various possible combina- 
tions of hard-segment- and switching-segment-determining 
blocks in linear, thermoplastic shape-memory polymers. 

All the linear polyurethane systems presented in the 
following paragraph are synthesized according to the prepol- 
ymer method. Thermoplastic polyurethane elastomers are 
produced on an industrial scale by means of this technique. In 
this process, isocyanate-terminated pre-polymers are ob- 
tained by reaction of difunctional, hydroxy-terminated oli- 
goesters and -ethers with an excess of a low molecular weight 
diisocyanate (Scheme 1, 1st reaction step). Low molecular 
weight diols and diamines are added as so called chain 
extenders to further couple these prepolymers. Linear, phase- 
segregated polyurethane- or polyurethane -urea block co- 
polymers are obtained in this way (Scheme 1, 2nd reaction 
step). Each polymer chain contains segments of high polarity 
composed of urethane and urea bonds that are linked through 



Table 1. Possible combinations of hard-segment- (block A) and switching-segment-determining blocks (block B) in linear, thermoplastic block copolymers 
with thermally induced shape-memory effects. In the block polymers in category 1 the permanent shape is determined by the thermal transition at melting 
(^p,™ = Tm A), in category 2 at the glass transition (T pm = T gA ) of the hard-segment-determining block. 



Category 


Block A 


Block B 


Phase-segregated block copolymers 




highest thermal 


2nd thermal 


highest thermal 


2nd thermal 




possible switching 




transition 


transition 


transition 


transition 




transitions r lrm , 


1.1 


T nA 


T sA 


T mB 




T mA 


^mB. T fA , T gB 


1.2 




T eA 


T mB 


T e „ 


T mA 


T mB . T smSl 


1.3 


r mA 


r gA 






T mA 


TgA, TgB 




T„ A 


r sA 


r*B 




T mA 


IU 


2,1 


T sA 




T mB 


T,* 


jTg A 


T mB . r gB 




T s a 




T mB 




T gA 




2.3 










7"«A 





2042 



Angen: Chem. Int. Ed. 2002, 41, 2034 -2057 



Shape-Memory Polymers 



_ REVIEWS 



^trans= T % are then introduced. Table 2 gives an overview of 
the chemical composition of the linear block copolymers and 
their respective transition temperatures that resulted in 
switching transitions, as well as the variability in the switching 
temperatures. 

The thermal transitions of the pure polymer blocks of those 
shape-memory materials mentioned in paragraph 2.4.1 are 
listed in Table 3. 



chain-extender molecules. As a consequence of their high 
intermolecular interaction, they form the so called hard 
segments. Strictly speaking, they represent the hard-segment- 
forming phase that is embedded in an amorphous elastic 
matrix. This amorphous matrix, with its low glass transition 
temperature lying far below the normal operating temper- 
ature, forms the so called soft segment. In the case of 
polyurethanes with shape-memory effects, this segment serves 
as a switching segment. For this purpose it is modified in such 
way that the thermal transition is located in a temperature 
range relevant for the respective application. Hard segment 
"clusters" with dimensions under 1 urn are formed by the 
phase-separation process that occurs. These clusters have high 
T e or T m values and act as multifunctional physical netpoints. 
These so-called plastic domains act as a reinforcing filler. 
Their ability to deflect mechanical energy by deformation 
enables the growth of microcracks to be prevented. They also 
impart cross-breaking strength and impact strength to the 
material.! 5 ') 

In the following paragraph polymer systems are introduced 
whose shape-memory effect can be triggered by the transition 
of a melting point. Shape-memory polymers with T tra „ s = T m 
are represented by polyurethanes, polyurethanes with ionic or 
mesogenic components, block copolymers consisting of poly- 
ethyleneterephthalate (12, PET) and polyethyleneoxide (13, 
PEO), block copolymers containing polystyrene (14) and poly- 
(1,4-butadiene) (15), and an ABA triblock copolymer made 
from poly(2-methyl-2-oxazoline) (16, A block) and poly- 
(tetrahydrofuran) 17 (B block). Poly ure thane systems with 




2.4.1.1. Multiblock Copolymers with T„„ ns =T m 



Polyurethanes with a Poly(e-caprolactone) Switching Segment 
Kim and co-workers synthesized polyesterurethanes 
(PEUs, Table 2, first entry) with a hard-segment-determining 
block of methylenebis(4-phenylisocyanate) (18, MDI) and 
1,4-butanediol (19) by using the pre-polymer method.f 13 ' 14 521 
The highest thermal transition r perm corresponding to the 



n- 



melting temperature of the hard-segment-determining blocks 
is found in the range between 200 and 240 °C. Poly(e- 
caprolactone)diols with a number-average molecular weight 
(M„) between 1600 and 8000 form the switching segments. 
The switching temperature for the shape-memory effect can 
vary between 44 and 55 °C depending on the weight fraction 
of the switching segments (variation between 50 and 90 wt %) 
and the molecular weight of the used poly(e-caprolactone)- 
diols. The crystallinity of the switching segment blocks 
determined by comparision of the partial melt enthalpies 
with the melt enthalpy of 100% crystalline poly(£-caprolac- 
tone) (20) becomes higher as the weight fraction and the 
molecular weight of the poly(e-caprolactone)diols used in- 
creases. Hence, the crystallization of the poly(t-caprolactone) 
segments is hindered by incorporating them into the multi- 
block copolymers. The crystallinity observed is between 10 
and 40 % . No crystallization can be observed when the poly(£- 
caprolactone)diol has a number-average molecular weight 
below 2000, presumably, because of the low degree of phase 
separation. In cyclic thermomechanical measurements, an 
increase of the initial slope with the number of cycles is found. 
A behavior which is named "cyclic hardening" can be 
observed during the initial four to five cycles. This effect is 
caused by a relaxation of the material in the stretched state 
which results in an increasing orientation and crystallization 
of the chains. As a consequence, the resistance of the material 
against the strain grows with the number of cycles. The 
materials reach constant strain recovery rates after the third 
cycle. Polyurethanes formed from a high molecular weight 
poly(E-caprolactone) and a high weight fraction of hard- 
segment-determining blocks show the best shape-memory 
properties: the strain recovery rate increases up to 98% with 
strains £ m of 80%. Moreover, the shape-memory properties 
are strongly influenced by the degree of strain applied: the 
strain recovery rates reached decrease with applied strains of 



Angew. Chem. Int. Ed. 2002, 41. 2034 -2057 



2043 



REVIEWS 



A. Lendlein and S. Kelch 



Table 2. Overview of linear, thermoplastic block copolymers with thermally induced shape-memory effects. 



Category according to Table 1 


Hard-segment-forming phase 


: — : : 

Switching-segment-forming phase 




Turn f°C] 


Ref. 


Multiblock copolymers with T Kms = T m 








1.1 


MDI/l,4-butanediol 


poly(t-caprolactone) (M„ = 1600, 2000, 
4000, 5000, 7000, and 8000) 


T m of poly(f-caprolactone) 
crystallites: 44-55 


[13, 14, 52] 




MDI/l,4-butanediol dime- 


poly(f-caprolactone) (Af„ = 2000, 4000, 


T m of poly(c-caprolactone) 


[17] 




thyloylpropionic acid 


and 8000) 


crystallites: 45-55 




1.2 (mesogenic segments cause 


MDI/BEBP or BHBP 


poly(c-caprolactone) (M„ = 4000) 


T m of poly(f-caprolactone) 


[53] 


further transitions) 






crystallites: 41-50 


1.2 (mesogenic segments cause 


HDI/4,4'-dihydroxybiphenyl 


poly(e-caprolactone) (M„ = 4000) 


T m of poly(e-caprolactone) 


[54] 


further transitions) 






crystallites: 38-59 




1.2 (mixed T s at -25- IS °C) 


poly(ethylene terephthalate) 


poly(ethylene oxide) (M, = 4000, 6000, 
10000) 


crystallites: 40-60 


51 


2.1 


PS (14) 




crystallites: 45-65 




2.1 (ABA triblock copolymer) 


poly(2-methyl-2-oxazoline) 


IRSOof rahydl0furan ^ ( M » = 410 °- 


T m of poly(tetrahydrofuran) 


[57] 


Multiblock copolymers with T„ m , = T, 








1.1 (separate Rvalues for 


MDI/l,4-butanediol 


poly(tetrahydrofuran) (M„ = 250, 650, 


T s of poly(tetrahydrofuran) 


[18, 19] 


poly(tetrahydrofuran) seg- 




1000, 2000, 2900) 


segments or mixed T s : 




ments with A/„ = 1000, 2000, 






-56-54 




2900) 










1.2 (mixed T e for poly(tetra- 










hydrofuran) segments with 










Af„ = 250,650) 










1.3 


MDI/l,4-butanedioI 


polyethylene adipate) (Af„ = 300, 600, 
1000, 2000) 


T $ of polyethylene adipate) 
segments: - 5-48 


[11] 


1.2-1.4 


2,4-TDI or MDI 

carbodiimide-modified diiso- 
cyanates (MDI and HDI) 
ethylene glycol or bis(2-hy- 
droxyethyl)hydrochinone 
combination of (2,2'-bis(4-hy- 
droxyphenyl)-propane (bis- 
phenol A) and ethylene oxide 


polypropylene oxide) (M„ = 400, 700, 
1000) 

poly(butylene adipate) (M„ = 600, 1000, 
2000) 

poly(tetrahydrofuran) (M„ = 400, 650, 
700, 850, 1000) 

combination of (2,2'-bis(4-hydroxy- 
phenyl)-propane (bisphenol A) and 
propylene oxide (M„ = 800) 


T s : -45-48 


[58, 59] 



polyethylene oxide) (Af„ = 600) 



250 % from rates of more than 90 % to rates of 80 % . Besides 
the crystallinity of the switching segments, the decisive factors 
that influence the recovery properties are the formation and 
stability of the hard-segment-forming domains, especially in 
the temperature range above the melting temperature of the 
switching-segment crystallites. Above a lower limit of the 
hard-segment-determining blocks of 10wt%, the hard-seg- 
ment domains are no longer sufficiently pronounced to 
function efficiently as physical cross-links. A slight increase 
in the switching temperature can be observed during the 
initial three cycles. This behavior is interpreted as the 
destruction of weak netpoints followed by an increasing 
formation of an ideal elastic network. Tables 4 and 5 show 
values determined for the shape recovery and shape fixity 
rates. The samples were stretched at room temperature after a 
thermal pretreatment at 80 °C. 

Incorporation of Ionic Components into the Hard-Segment- 
Forming Phase 

Several investigations have dealt with the question as to 
whether the incorporation of ionic or mesogenic moities into 
the hard-segment-forming phase can influence the mechan- 



ical and shape-memory properties through the introduction of 
additional intermolecular interactions by possibly enhanc- 
ing the degree of phase separation. For this purpose, poly- 
ester urethanes have been synthesized by the pre-polymer 
method using MDI and 1,4-butanediol as the hard-seg- 
ment-determining block. Half of the chain-extending 1,4- 
butanediol in the hard-segment-forming phase was substitut- 
ed by 2,2-bis(hydroxymethyl)propionic acid (21) so as to 
introduce additional intermolecular interactions.! 171 Poly- 
(e-caprolactone)diols with number-average 
molecular weights between 2000 and 8000 v, 000 " 
were used as the switching-segment-forming I I 
phase. The weight fraction of the switching 
segment was around 70 wt % for materials based on poly(e- 
caprolactone)diols with number-average molecular weights 
between 2000 and 8000 and varied between 55 and 90 wt % for 
polyO-caprolactone)diol with a molecular weight of 4000. The 
switching temperatures for the shape-memory effect were 
between 44 and 55 °C. A hard-segment phase additionally 
stabilized by ionic interactions can be formed by neutraliza- 
tion of the propionic acid moities with triethylamine. These 
multiblock copolymers having polyelectrolyte character are 
so called "ionomers". As a result of their additional Coulomb 
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Polymer block Block type T m [°C] T e [°C] 



MDI/l,4-butanediol 


A 


200 -240I 60 ' 
193-232I 6 '! 


125' 62 1 
100I«! 


poly(e-caprolactone) 


B 


M„ = 1600: 46.3 
Af„ = 4000: 53.5 
M„ = 7000: 55.91"! 

M„> 10000 (semicristalline): 59-64I 65 - 6 *) 


-601"! 


poly(tetrahydrofuran) 


B 


M„ = 250:-7.9 
M n = 250: -951"! 
M„ = 650: 20.2 
M„ = 1000: 23.6 
M„ = 2000: 27.7 
M„ = 2900: 45.8I 68 ! 
57l«l 


-84°CI"1 


poly(ethylene adipate) 


B 




-46™ 


polyfethylene terephthalate) 


A 


260 (semicrystalline)!™! 

280 (semicrystalline, equilibrium)™ 


81 (semicrystalline)!"! 
125 (semicrystalline and oriented)! 76 ! 


poly(ethylene oxide) 


B 


M„ = 1400-1600: 45-50 
M„ = 1900 -2200: 50 -52 
M„ = 3500-4000: 59-61 
M„ = 5000-7000: 60-63 
M„ = 8500-11500: 63-651"! 
69l»! 


- 671"! 


PS(14) 


A 


2701 8 "! 


100 (amorphous)!" 2 ! 


poly(l,4-butadiene) (IS) 


B 


97 (modification I) 


_ 1071 s6 ' 


Polyethylene 


A 


134 (90% crystalline, linear PE) 
115 (60% crystalline; LDPE) 1 " 7 ' 


- 125 to -120 (y) 
- 80 to - 40 (/S) I™1 


poly(vinyl acetate) 


B 






polyamide-6 (nylon-6) 


A 


215-220I* 1 ! 
223l.il 


40l»2) 


poly(2-raethyl-2-oxazoline) 


A 




4801"! 



Table 4. Dependence of the strain recovery rate after the first cycle (R,(l) 
in %) at £ m = 80% on the switching segment content SC[wt%] for 
different molecular weights M„ of the used poly(f-caprolactone)diols.! 14 ! 

SC «X1) M* SC 7^(1) 

4000 81 98 7000 92 60 
5000 89 50 7000 88 93 
5000 84 96 7000 85 95 
5000 80 98 7000 81 98 



increasing hard-segment content increases the mechanical 
stability of the materials. The charged systems show up to 
approximately 10% higher strain recovery rates and equal 
strain fixity rates relative to the uncharged systems. Table 6 
displays the strain fixity and strain recovery rates for two 
materials with and without ionomer, both based on poly(e- 
caprolactone)diol with a number-average molecular weight of 
4000 and a poly(E-caprolactone) content of 70 wt%. 



R,(l)[%] R,(4)[%] *,(!)[%; 



Table 6. Comparison of strain recovery rate (R,) and strain fixity rate (R,) 
at f „ = 200 % and a switching segment content of 70 wt % for ionomers and 
the corresponding non-ionomers. [I '! 

«,(!)[%] fl,(4)[%] R,(l)[%] R,(4)[%] 



Incorporation of Mesogenic Components into the Hard- 
Segment-Forming Phase 



interactions, they exhibit a higher elastic modulus and higher 
mechanical strength than the systems containing uncharged 
hard segment blocks. The transition from the uncharged 
multiblock copolymers to ionomers results in an increase in 
the elastic moduli to between 24 and 34 % at 25 "C, depending 
on the molecular weight and the weight fraction of the poly(e- 
caprolactone)diols used. An increase in the elastic moduli 
between 38 and 156% is observed at 65 °C. In addition, an 



In the case of the incorporation of mesogenic diols such as 
4,4'-bis(2-hydroxyethoxy)biphenyl (22, BEBP) or 4,4'-bis- 
(2-hydroxyhexoxy)biphenyl (23, BHBP) into the hard-seg- 
ment-determining blocks based on MDI, an increased sol- 
ubility of these blocks in the switching segment made of poly- 
(e-caprolactone) (M„ = 4000) is observed.'"! As a conse- 
quence, a mixed T 6 value of the hard-segment- and switch- 
ing-segment-forming phase occurs. The strain-induced fixa- 
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tion observed is attributed to crystallization of the switching- 
segment blocks. An increase in the strain fixity rate of more 
than 20% is observed in the case of the polymers with added 
BEBP with a switching-segment content increasing from 60 to 
80 wt % and a strain e m value of 100 % . Materials with added 
BHBP show an increase in the strain fixity rate of 5 to 10% 
with a strain e m of 100 to 300 % . Table 7 shows an overview of 
the recorded shape-memory properties. The strain recovery 
rates observed at a strain e m of 100 % correspond to those with 
a hard-segment-forming phase containing MDI/l,4-butane- 
diol. 



Table 7. Dependence of the strain recovery rate (i?,(4)) and strain fixity 
rate (R,(4)) of multiblock copolymers with a hard-segment-forming phase 
of MDI/l,4-butanediol after the fourth cycle on the switching segment 
content SC [wt%], the strain e m , and the added mesogenic diols.W 





R,(4) [%] 


i?,(4) [%] 


100 




98 


100 






100 


85 


75 


100 


85 


85 


100 


80 


80 


100 


85 


80 


300 


68 


95 


300 


73 


90 


300 


63 


85 



at a temperature near the melting temperature of the PEO 
segments results in the crystallites of the PEO segments 
becoming parallelly orientated. They change their shape from 
spherulitic to fibril-like structures. If these structures are too 
well developed they hinder the recovery process. This is why a 
change in the strain recovery rate as a function of the applied 
strain e m is observed depending on the composition of the 
copolymer or on the developed morphology. To investigate 
the strain recovery rate the samples were stretched above the 
melting point of the PEO crystallites at 58 °C, cooled down, 
and heated up again with a heating rate of lKmin" 1 . The 
shrinkage observed upon heating increases with an increasing 
molecular weight of the PEO segments up to strains e m (up to 
100%). After reaching a maximum at a strain of around 
150 % , the observed shrinkage decreases again. The series of 
block copolymers investigated here shows improved strain 
recovery rates if the weight fraction of PET increases. This 
behavior is explained with the formation of more stable 
physical bonds in the better aggregated PET blocks. The 
temperature at which the highest recovery rate can be 
observed is the so-called recovery temperature T r . This 
temperature is found in the range of the melting temperature 
of the PEO switching segment. Tables 8 and 9 show typical 
shape-memory properties of PET/PEO block copolymers. 



a] The values are calculated from Figures 2-< 



Table 8. Dependence of the 


strain recovery 


rate after the first cycle («r(l)) 


and the i 


ecovery tempera 


rure T, on the switching segment content 


SC[wt%] 




■„ for different molecular weight Af„ poly- 


(ethylene ( 


>xide)diols taken : 


from Table 2 in 


ref. [15]. 


Af„. 


SC 


r,[°q 


*.(!)[%] e m [%] 


2000 


73 






4000 


68 


43.0 


89.8 85 


6000 


79 


48.0 


98.7 120 




74 


47.5 


99.1 120 


6000 


68 




98.9 120 


10000 


83 


54.5 


99.5 150 


10000 


78 


53.4 


99.7 150 



Block Copolymers Made of Polyethylene Terephthalate (12) 
and Polyethylene Oxide (13) 

A further example of shape-memory polymers with r, rans = 
T m are linear, phase-separated block copolymers with a hard- 
segment-forming phase based on PET and switching-segment 
blocks of PEO. I 15 ' 16 ' **■ 94 I The highest thermal transition T ?emt 
is the melting point of the PET blocks at 260 °C. The thermally 
induced shape-memory effect is triggered by the melting 
temperature of the PEO crystallites and can be varied 
between 40 and 60 °C depending on the molecular mass of 
the PEO blocks or on the PET content (see Table 2). 

The crystalline fraction of the switching segments increases 
as the molecular weight of the PEO blocks grows. Simulta- 
neously, the melting temperature of the PEO blocks increases 
as their molecular weight increases. The crystallization of the 
PEO blocks is more and more hindered as the weight fraction 
of PET increases. As a consequence, the melting temperature 
of the switching segment with the same molecular weight 
decreases in the case of a polymer with an increased content 
of hard-segment-determining PET blocks. Streching a sample 



Table 9. Dependence of the strain recovery rate after the first cycle R,(l) 
(in%) at £ m = 180% and T m [°C] on the switching segment content 
SC [wt%] for different molecular weight A/„ polyfethylene oxide)diols in 
Table 2 in ref. [16]. 

M w SC T„, R,(i) M„. SC T m /?,(!) 

4000 72 45.2 84 6000 74 46.5 92 

4000 68 43.9 85 10000 83 54.5 93 

6000 79 47.3 90 10000 78 52.7 95 



Block Copolymers Made of Polystyrene (14) and 
Poly(l,4-butadiene) (IS) 

The poly(l,4-butadiene) blocks in phase-segregated block 
copolymers consisting of 34wt% PS and 66wt% poly(l,4- 
butadiene) are found to be semicrystalline with a high trans 
ratio. I 56 ' ,5 1 The melting temperature of the poly(l,4-buta- 
diene) crystallites represents the switching temperature for 
the thermally induced shape-memory effect. The glass tran- 
sition of the polystyrene is the highest thermal transition T perm 
and is found at 90 °C. Thus, polystyrene supplies the hard- 
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segment-determining blocks. The high glass transition tem- 
perature of the polystyrene blocks hinders the polybutadiene 
chains from slipping off each other upon stretching. The 
elastic properties, which are not only responsible for the 
elastic strain but also for the recovery because of the 
material's entropy relaxation, are attributed to the amorphous 
areas of the polybutadiene phase. For a material with a 
poly(l,4-butadiene) content of 86 mol % and a weight-aver- 
age molecular weight of 70000, the formation of two crystal 
modifications in the polybutadiene blocks is reported. One of 
the observed crystal modifications is stable at room temper- 
ature. First, the low temperature modification converts into 
the high temperature modification upon heating up to 
temperatures higher than 45 °C. Only if a temperature of 
65 °C is exceeded does the poly(l,4-butadiene) reach a 
completely molten, amorphous state. A reversible solid-state 
transformation is possible between the two crystal modifica- 
tions. Whereas, a melting point usually guarantees a sharp 
transition, here, the existance of the two different crystal 
modifications does not allow an exact tuning of the switching 
temperature. A high strain recovery rate in the range of 80% 
is observed (T= 80 °C) upon application of a maximum strain 
e m in the range of 100 % . R r still reaches values of around 60 % 
at a maximum strain e m of more than 400%. The appearance 
of the shape-memory effect is explained by the formation of 
oriented crystallites upon application of high elongations of 
up to 600%. These oriented crystallites form a fibril-like 
structure with high regularity over large distances. The single 
fibrils are linked through amorphous 1,4-polybutadiene 
chains that are anchored in several crystallites at the same 
time. The highly ordered morphology described remains 
stable even after heating above 80 °C. 

ABA Triblock Copolymers Made from Pofy(tetrahydrofuran) 
(17) and Poly(2-methyl-2-oxazoline) (16) 

ABA triblock copolymers with a central poly(tetrahydro- 
furan) block (B block) with number-average molecular 
weights between 4100 and 18800 and equipped with terminal 
poly(2-methyl-2-oxazoline) blocks (A block) with molecular 
weights of 1500 are obtained by cationic ring-opening 
polymerization. 1571 The A blocks exhibit glass transition tem- 
peratures around 80 °C and represent the hard-segment- 
forming phase. The poly(tetrahydrofuran) blocks are semi- 
crystalline and exhibit a melting temperature between 20 and 
40 °C, depending on their molecular weight. These melting 
temperatures are used as switching temperatures for a 
thermally induced shape-memory effect. As the thermal data 
of the two different segments do not differ significantly from 
the values of the respective homopolymers, one can assume 
that the material shows microphase separation. The materials 
with poly(tetrahydrofuran) blocks having a molecular weight 
greater than 13000 exhibit very good mechanical strength at 
room temperature. In contrast to pure poly(tetrahydrofuran), 
the block copolymer materials show elastic properties and 
incomplete softening even above the melting temperature of 
the poly(tetrahydrofuran) segments. This observation is 
interpreted as the formation of a network with physical 
cross-links by the poly(2-methyl-2-oxazoline) blocks. These 



blocks solidify below 80 °C to form a glass. If a sample with a 
number-average molecular weight of the central poly(tetra- 
hydrofuran) block of 19 000 is stretched to 250 % elongation at 
22 °C, half the elongation will be kept after releasing the 
external stretching force. A nearly complete recovery takes 
place upon heating the sample to 40 °C. 

2.4.1.2. Multiblock Copolymers with T vm =T % 

In phase-segregated block copolymers a glass transition can 
also be used as the switching transition for the shape-memory 
effect. A prerequisite is a glass transition that takes place 
within a narrow temperature range and above the usual 
operating temperature of this material. In the following 
paragraph, polymer systems are introduced whose shape- 
memory effect can be triggered by using a glass transition. All 
examples are polyurethane systems, in which the hard-seg- 
ment-forming phase is synthesized from MDI/l,4-butanediol. 
The switching segment blocks are mostly polyethers such as 
poly(tetrahydrofuran) but also polyesters such as poly- 
ethylene adipate) (24) are used. In the case of an almost 
complete phase separation, the 
glass transition temperature o 
used as the switching transition ^fn^^\-^o'^-' 0 Hn- 
can origin from the pure o 
switching-segment blocks. In 24 
the case of less-separated phas- 
es, which can typically be found for short switching-segment 
blocks, a mixed T g value from the glass transition temper- 
atures of the hard-segment-forming and the switching-seg- 
ment-forming phase can occur. This mixed T s value can be 
found between the glass transition temperatures of the pure 
hard-segment- and switching-segment-determining blocks. 

An example of materials with a mixed Rvalue are the 
systems with poly(tetrahydrofuran) switching-segment blocks 
having number-average molecular weights of 250 and 650 that 
have been provided with a hard-segment-forming phase from 
MDI and 1,4-butanediol by using the pre-polymer meth- 
od. 118 - 19] The highest thermal transition T pam corresponding to 
the melting temperature of the hard-segment-forming phase 
can be found between 200 and 240 °C. The phase-segregated 
block copolymers containing a switching segment with a 
molecular weight of M„ = 250 exhibit a T t value in the range 
between 16 and 54 °C, depending on the hard-segment content 
(hard-segment content between 57 and 95 wt%), a T g value 
between -13 and 38 °C for a switching segment with a 
molecular weight Af„ = 650 (hard segment content between 32 
and 87wt%), and a 7/ g value between -36 and 22 °C for a 
switching segment with a molecular weight of M n = 1000 
(content of hard segment determining blocks between 23 and 
81wt%). A mixed Rvalue can not be observed if poly- 
(tetrahydrofurans) with a molecular weight of 2000 or 2900 
are used because of the good separation of the different 
blocks. Here, the occurring glass transition temperatures of 
the poly(tetrahydrofuran) blocks are also dependent on the 
hard-segment content because the hard segments restrict the 
mobility of the switching-segment chains. 

The shape-memory behavior is determined by means of a 
bending test (see Section 2.3.2). In the course of the bending 
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test, the sample is bent at a certain angle 0 t at 80 °C and kept in 
this deformation. The deformed sample is quickly cooled 
down to - 20 °C and the external force is released. Finally, the 
sample is brought to the test temperature and its recovery to 
the original angle is recorded. The deformation recovery rate 
is calculated from Equation (7). The T g value increases with 
increasing amounts of the hard-segment-determining blocks. 
As a consequence, the temperature at which the shape- 
memory effect is triggered rises. The deformation recovery 
rate increases with increasing amounts of the hard segment, 
and reaches values of up to 99 % for the material synthesized 
from a poly(tetrahydrofuran) with M„ = 250 and a hard- 
segment content of 75 wt%. Complete recovery of materials 
prepared from a switching segment with M„ = 650 is only 
reached for a hard-segment content of 87% and higher. A 
constant recovery rate of 95 % is reached after approximately 
100 repetitions of the bending experiment. If the deformation 
recovery rate is plotted against the temperature, an increase in 
the switching temperature with increasing T t , or increasing 
hard-segment content, can be found, as expected. 

Materials obtained from low molecular weight poly(tetra- 
hydrofurans) but with a high weight fraction of the hard- 
segment-forming phase show more or less complete defor- 
mation recovery. The block copolymers with high amounts of 
hard segments (between 67 and 95wt%) show almost 
complete recovery, independent of the molecular weight of 
poly(tetrahydrofurans). The deformation recovery rate is 
higher as the molecular weight of the switching segment 
decreases. This effect is caused by an increased restriction of 
the shorter switching-segment chains to coil themselves. A 
large amount of hard-segment-determining blocks limits the 
twisting and coiling of the switching segment chains and thus 
considerably controls the shape-memory properties. In mate- 
rials with high molecular weight poly(tetrahydrofuran) 
blocks, the hard-segment-determining blocks can not fulfill 
this task effectively. Here, the more intense twisting of the 
chains clearly results in lower recovery rates. This effect can 
only be compensated for by increasing the proportion of hard- 
segment-determining blocks. 

Block copolymers containing a hard-segment-forming 
phase of MD1 and 1,4-butanediol and a switching segment 
based on poly(ethylene adipate) (24) can be triggered by a 
glass transition temperature. The glass transition temper- 
ature obtained with switching segment blocks with weight- 
average molecular weights of 300, 600, and 1000 at a constant 
hard segment content of 75 mol % decreases from 48 to - 5 °C 
with increasing molecular weight of the poly(ethylene adip- 
ate)diols used. The T % value of the switching-segment phase in 
a block copolymer prepared from poly(ethylene adipate)diol 
with a molecular weight M„, = 600 increases from 13 to 35 °C 
as the hard-segment content increases (from 75 to 90 mol %). 
This effect is caused by an increased hindrance in the mobility 
of the switching-segment chains. Cyclic, thermomechanical 
tensile tests (e m = 100%) of a material synthesized from a 
polymer with M w = 600 and a hard segment content of 
88 mol % (69wt%) show that the remaining strain after 
recovery e p increases with the number of cycles. The strain 
recovery rate decreases from 85 % after the first cycle to 70 % 
after the fourth cycle. This behavior is a sign of increased 



fatigue in the material as the number of cycles 
fatigue is caused by an increase in the slippage of the 
amorphous segments. 

Since the 1980s Mitsubishi Heavy Industries have marketed 
shape-memory polymers that are triggered by means of a glass 
transition temperature. Hayashi and co-workers have descri- 
bed polyurethane systems with shape-memory properties that 
exhibit a glass transition temperature in the range between 
- 30 and 30 °C and discussed their application as auto chokes 
or thermosensitive switching valves. 58 ' An extension of these 
polyurethane systems was described in a patent in 1992. [59! 
Here, materials with glass transition temperatures in the range 
of -45 to 48 °C are described. This patent refers to the 
production of fabrics using threads made of polyurethane 
elastomers showing the shape-memory effect. These are 
supposed to enhance the crease resistance of the fabrics. 
Other applications discussed are moisture-permeable mem- 
branes in breathable fabrics whose permeability shows a sharp 
rise above the T g value because of a higher segment mobility. 

Table 2 presents a summary of the possible composition of 
the hard-segment- and the switching-segment-forming phases 
prepared at Mitsubishi. The hard-segment-determining blocks 
can be formed by toluene-2,4-diisocyanate (25, 2,4-TDI), 
MDI (18), carbodiimide-modified diisocyanates such as MDI 
and hexamethylene diisocyanate (26, HDI), and chain ex- 
tenders such as ethylene glycol, bis(2-hydroxyethyl)hydro- 
quinone, or a combination of 2,2'-bis(4-hydroxyphenyl)pro- 
pane (27, bisphenol A) and ethylene oxide. The switching- 



J 



segment-determining blocks can be formed by polyethers, for 
example, PEO (13, M n = 600), polypropylene oxide) (28, 
M„ = 400, 700, 1000), poly(tetrahydrofuran) (17, M„ = 400, 
650, 700, 850, 1000), or a combination of bisphenol A and 
propylene oxide (M n = 800), or oligoesters, for example, 
poly(butylene adipate) (29, M„ = 600, 1000, 2000). 

The results of cyclic, thermomechanical tensile tests with 
maximum elongations e m of 50 and 100% for two materials 
differing in E modulus above their T g values of 45 °C are 
reported: one material with polyester switching blocks and a 
relatively high E modulus and another material with poly- 
ether switching blocks with a low E modulus. In the course of 
the cyclic, thermomechanical tensile test, the test pieces were 
stretched at a temperature r high of 65 °C to the maximum 
elongation E m mentioned above. The samples were then 
cooled down to a temperature T tow of 25 °C and kept for five 
minutes at this temperature — the deformation was fixed by 
cooling below the system's glass transition temperature. 
Subsequently, the external stress was released, the sample 
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was heated to r high! and the recovery caused by the thermally 
induced shape-memory effect was recorded. The next cycle 
was then started. The strain remaining after the materials 
recovery e p increases with a growing number of cycles. The 
strain recovery rate already decreases during the first 4- 
5 cycles, which indicates an increasing fatigue of the material 
or a deterioration of the shape-memory properties. This 
behavior is interpreted in terms of an irreversible slipping of 
the chains within the amorphous segments, disentangling of 
mechanical entanglements, and a partial breakage of the 
crystalline hard segments especially after the first two cycles. 
The best strain recovery rates for an applied maximum 
elongation e m of 50 and 100% are observed for the polyether- 
based material (Table 10). 



Switching segment 



polyester 
polyester 
polyether 



2.4.2. Other Thermoplastic Polymers 



Polynorbomene 

Norsorex is a linear, amorphous polynorbomene 30 devel- 
oped by the companies CdF Chemie/Nippon Zeon in the late 
1970s. The molecular weight of this polynorbomene is about 
3 x 10 6 . 18 ' 96 1 It is synthesized by a ring-opening metathesis 
polymerization of norbor- 

"^x^V^ / ^Y'V""^ nene using a tun s ster 



bene complex 



;atalyst. 



30 The obtained polynorbor- 

nene contains 70 to 
80mol% of fnms-linked norbornene units and has a glass 
transition temperature between 35 and 45 °C.! 96 ' 97 1 The shape- 
memory effect of this strictly amorphous material is based on 
the formation of a physically cross-linked network as a result 
of entanglements of the high molecular weight linear chains, 
and on the transition from the glassy state to the rubber-elastic 
state (see Section 2.1.1). [981 The material softens abruptly 
above the glass transition temperature T g . If the chains are 
stretched quickly in this state and the material is rapidly 
cooled down again below the glass transition temperature the 
polynorbomene chains can neither slip over each other 
rapidly enough nor disentangle. It is possible to freeze the 
induced elastic stress within the material by rapid cooling. 
Therefore, the sum of the time period for the stretching 
process Af sllelch and the cooling process Ar conl has to be much 
shorter than the time period it would take the stretched 
system to relax Ar relaxali0 „ (Ar stretch + Ar coo i < Ar re]axati0 „). The 
recovery of the material's original shape can be observed by 
heating again to a temperature above T r This occurs because 
of the thermally induced shape-memory effect.! 98 ) 

The norsorex described is not inevitably purely amorphous. 
Sakurai and Takahashi have reported a high molecular weight 
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polynorbomene with a high proportion of rrans-linked 
norbornene units showing a tendency towards strain-induced 
crystallization.! 96 ' 97) A material that has been stretched four 
times at 90 °C and has been cooled down rapidly to 0°C, then 
exhibits a melting point of 85 °C. Wide-angle X-ray scattering 
(WAXS) analysis shows X-ray reflections that can be 
attributed to cis and trans crystallites. The intensity of these 
reflections correlates with the content of cis and trans crys- 
tallites. On the basis of this observation, the possibility must 
not be excluded that crystallites acting as physical netpoints 
contribute to the shape-memory effect. 

Organic -inorganic hybrid polymers consisting of polynor- 
bomene units that are partially substituted by polyhedral, 
oligomeric silsesquioxanes (POSS, that is, polycyclic silicon - 
oxygen compounds of the general formula Si^H^O^) also 
form an amorphous polynorbomene material.! 99 ! The hydro- 
gen atoms of the POSS units are either substituted by 
cyclohexyl or cyclopentyl substituents (31a, b). A POSS- 
modified polynorbomene is obtained with a content of 60 to 



31 a,b 

a: R = Cyclopentyl 
b: R = Cyclohexyl 



73 mol % cis-linked norbornene units by a ring-opening 
metathesis polymerization of hybrid-POSS-norbornene mon- 
omers and norbornene using a molybdenum catalyst. Up to 
8.4mol% or 50wt% of the POSS-modified norbornene can 
be incorporated into the polynorbomene material by using 
this copolymerization process. The weight-average molecular 
weights obtained are in the range between 75 000 and 740000. 
The glass transition temperature increases from 52 °C for pure 
polynorbomene (60 mol % cis content) to 81 °C in the case of 
a polynorbomene with a content of 50wt% of a POSS 
norbornene with cyclohexyl substituents. 

The increase in the glass transition temperature of the 
polynorbomene by incorporation of the POSS modified 
comonomers results in an improved heat and oxidation 
resistance. It is the C-C double bond in each repeating unit 
that makes pure polynorbomene sensitive towards oxidation. 
It should be possible to obtain better shape-memory proper- 
ties by increasing the glass transition temperature to addi- 
tionally slow down the relaxation of the polynorbornyl chains 
after stretching above T g . WAXS investigations show that the 
material with cyclohexyl substituents is amorphous, like pure 
polynorbomene, whereas the POSS groups aggregate within 
the material containing cyclopentyl substituents and show 
phase separation to a certain extent. This arrangement of the 
side groups provides an additional physical cross-link and 
hence a stabilization of the material above T,. 
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Clearly, better shape-memory properties can be observed 
relative to pure polynorbornene or the polynorbornene 
materials with POSS co-monomers bearing cyclohexyl sub- 
stituents. If a maximum elongation e m of 300% is applied, 
both the pure polynorbornene and the POSS-modified 
polynorbornene with cyclopentyl substituents show a strain 
recovery rate of approximately 75% upon heating to a 
temperature above T % . If the recovery experiment is per- 
formed under a stress of 0.8 MPa for the polynorbornene 
homopolymer, because of the increased softening at temper- 
atures above T e after reaching the maximum recovery of 75 % 
at a temperature of 70 °C, again a stretching to over 200 % at a 
temperature of 90 °C can be observed. However, the poly- 
norbornene with a content of 50 wt % POSS-modified nor- 
bornene with cyclopentyl substituents retains its shape even at 
high temperatures (up to 130 °C) because of the stabilization 
described. 



2.4.2.2. Polyethylene/Nylon-6-Graft Copolymer 

Polyethylene (32, PE) grafted with nylon-6 (33) that has 
been produced in a reactive blending process of PE with 
nylon-6 by adding maleic anhydride and dicumy] peroxide 
shows shape-memory properties.! 1001 The nylon-6 content of 

32 33 

these materials is between 5 and 20 wt%. Nylon-6, which has 
a high melting temperature of around 220 °C, comprises the 
hard-segment-forming domains (domain size below 0.3 urn) in 
a matrix of semicrystalline PE. These domains form stable 
physical netpoints. The switching temperature for the ther- 
mally induced shape-memory effect is given by the melting 
point of the PE crystallites of 120 °C. The polyethylene 
crystallites act as molecular switches. Strain fixity rates of 
around 99% and strain recovery rates between 95 and 97% 
have been determined for these materials for an elongation e m 
of 100% (see Table 11). For nylon-6 contents between 5 and 
20wt%, no definite influence of the nylon content on the 
shape-memory properties can be found. The highest recovery 
rate has been determined to be at 120°C±2K, which is in 
the range of the melting temperature of the PE crystallites. 
The shape-memory properties of PE cross-linked by 
treatment with ionizing radiation are given in Table 11 for 
comparison. 

Table 1 1 . Dependence of the strain recovery rate (/?,) and strain fixity rate 
(R,) on nylon-6 content. The values are taken from Table 3 in ref. [100]. 
Material «,[%] R,[%] 

LDPE cross-linked with ionizing radiation 94.4 96 

PE with 5 wt% nylon-6 95.0 99.8 

PE with 10 wt% nylon-6 94.9-96.9 99.0-99.5 

PE with 15 wt % nylon-6 96.0 98.9 

PE with 20 wt % nylon-6 96.6 98.6 



2.5. Chemically Cross-Linked Shape-Memory Polymers 

There are two strategies for the synthesis of polymer 
networks. Firstly, the polymer network can be synthesized by 
polymerization, polycondensation, or polyaddition of difunc- 
tional monomers and macromonomers by the addition of tri- 
or higher functional cross-linkers. Figure 7 a shows the syn- 
thesis of covalently bound networks by treating methacrylate 



b) 




Figure 7. Synthesis strategies for polymer networks a) by polymerization 
or b) by cross-linking of linear polymers. 



monomers with an oligomeric dimethacrylate as a cross- 
linker. The chemical, thermal, and mechanical properties of 
the network can be adusted by the choice of monomers, their 
functionality, and the cross-linker content. The second 
strategy to obtain polymer networks is the subsequent cross- 
linking of linear or branched polymers (Figure 7 b). In all the 
methods aimed at subsequent cross-linking of linear polymers 
the structure of the obtained network is strongly dependent 
on the reaction conditions and curing times, especially the 
cross-link density. The cross-linking of linear polymers can 
take place by a radical mechanism involving ionizing radiation 
or by the elimination of low molecular weight compounds to 
generate unsaturated carbon bonds. These have the capability 
to form chemical cross-links. The addition of radical initiators 
to linear polymers makes it possible to convert polymer chains 
into radicals that are able to recombine intermolecularly. 
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In the following section examples of the synthesis of shape- 
memory polymer networks for both synthetic strategies are 
presented. Polymers cross-linked by means of ionizing 
radiation have particular economic significance. 

2.5.1. Network Synthesis by Subsequent Cross-Linking of 
Linear Polymers 

2.5.1.1. Polymers Cross-Linked by Means of Ionizing 
Radiation 

Charlesby was the first to describe the "memory effect" of 
polyethylene treated with ionizing radiation (y rays or neu- 
trons).! 21 A chemically cross-linked network is formed by 
application of low doses of irradiation. Polyethylene chains 
are orientated upon application of mechanical stress above 
the melting temperature of the polyethylene crystallites, 
which can be in the range between 60 and 134 °C. Poly- 
ethylene crystals are formed by cooling below its crystalliza- 
tion temperature, and these can fix the temporary shape by 
acting as physical netpoints. Heating the material above the 
melting temperature of the crystalline domains results in the 
material returning to its permanent shape, which was fixed 
during the irradiation process. ix ,0, 1 

This technology has reached high economic significance in 
the field of heat-shrinkable products. Materials that are most 
often used for the production of heat-shrinkable polymers are 
HDPE, LDPE, and copolymers of PE and polyvinyl acetate) 
(34).P- 5 ' 6 1 After shaping, for example, by extrusion or 
compression molding, the polymer is covalently cross-linked 
by means of ionizing radiation, for example, by highly 
accelerated electrons having energies of 0.5 
q^B* 34 t0 3MeV. The energy and dose of the 

°Y' radiation have to be adjusted to the geom- 

0 etry of the sample to reach a sufficiently 

high degree of cross-linking and hence 
sufficent fixation of the permanent shape. The radiation dose 
should reach values between 20 and 30 Mrad (200-300 kGy). 
Subsequently, the preformed parts are heated above the 
melting temperature of the crystallites. At this temperature 
the material has rubber-elastic or viscoelastic properties. The 
samples formed in this state and then cooled down keep their 
temporary shape in the cooled state. The technical term for 
this process is "expansion". Commercial products have 
expansion ratios of up to 6:1. Depending on the intended 
application, heat-shrinkable products made of cross-linked, 
semicrystalline polymers are delivered either as semifinished 
products, for example, as heat-shrinkable tubing, or as the 
final products in the expanded state. These are connected to a 
substrate by a heat treatment. Areas of applications are, 
among others, the packing industry, electronic, civil, and 
process engineering. 

The influence of the degree of cross-linking of y-cross- 
linked PE on the gel content and heat-shrink properties was 
described for LDPE and HDPEJ 1021 The gel content increases 
with the applied radiation dose (0-160 kGy). For both 
materials, the gel point is exceeded by application of radiation 
doses between 11 and 22 kGy. A higher gel content is reached 
at the same dose for HDPE. The gel content reaches values of 
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around 60% for radiation doses of 160 kGy. At a dose of 
100 kGy, the heat shrinkage is between 94 and 100% (7"= 
130 °C) for LDPE and 100 % (7= 150 °C) for HDPE. Both the 
applied radiation dose and the shrink temperature chosen 
have a decisive influence on the heat shrinkage is reached: it 
increases with increasing radiation dose and temperature. 

2.5.1.2. Networks Synthesized by Subsequent Chemical Cross- 
Linking 

Heating poly(vinyl chloride) (35, PVC) under a vacuum 
results in the elimination of hydrogen chloride in a thermal 
dehydrochlorination reaction. The material 
can be subsequently cross-linked in an HC1 ""fy^k 35 
atmosphere. The polymer network obtained cl 
shows a shape-memory effect. Skakalova 
et al. have dehydrochlorinated a non-cross-linked PVC with 
a number-average molecular weight of about 50000 and 
subsequently cross-linked it.! 103 ' The degree of dehydrochlori- 
nation varied between 0.6 and 86%. At the beginning of the 
dehydrochlorination reaction a strongly cross-linked structure 
is formed. Afterwards, an increasing degradation of the chains 
takes place that is accompanied by a loss in the thermal and 
mechanical stability of the material. 

The shape-memory effect of the material was recorded on 
observing the recovery of a sample, which had been com- 
pressed before, with an original volume V 0 upon heating 
above the glass transition temperature of about 83 °C by 
means of dilatometry [Eq. (9)]. The highest relative 

AV(T) 



e(T) = - 



(9) 



in volume &V(T) with values e(7) of 2.0 is reached by samples 
with a degree of dehydrochlorination of 12.9 and 22.5 % at a 
temperature of 100 °C. The very weakly dehydrochlorinated 
sample (degree of dehydrochlorination of 0.6%) shows 
almost no recovery. Samples with a degree of dehydrochlori- 
nation of 2.6 and 54.4% exhibit an increase in their relative 
volume e(T) of 1.0. 

Polyethylene -Poly( vinyl acetate ) Copolymers 

Cross-linked poly[ethylene-co-(vinyl acetate)] is produced 
by treating the radical initiator dicumyl peroxide with linear 
poly[ethylene-co-(vinyl acetate)] (36) in a thermally induced 
cross-linking process. 11041 Materials with different degrees of 
cross-linking are obtained depending on the initiator concen- 
tration, the cross-linking tem- , 
perature, and the curing time. ~H~^'j<n^VJ ;r 36 
The gel content of the obtained ° ^ 

cross-linked materials can be o 
used as an estimate of the de- 
gree of cross-linking. The co-monomer vinyl acetate, which is 
randomly incorporated into poly(ethylene-co-vinyl acetate) 
by copolymerization, causes a decrease in the melting 
temperature of polyethylene crystallites relative to the PE 
homopolymer. A copolymer having a vinyl acetate content of 
28 wt % shows a melting temperature of 70 °C ± 1.5 K for the 
polyethylene crystallites. The cross-linking does not signifi- 
cantly influence the melting temperature. The values obtained 

2051 



REVIEWS 

for strain fixity and strain recovery rates at a maximum 
elongation e m of 100% for materials which have been cross- 
linked at 170 °C are shown in Table 12. To determine these 
properties, polymer samples were heated up to 80 °C, 
stretched to e m = 100%, and cooled down quickly to fix the 
deformation. A strain recovery is observed upon heating the 
sample up to 90 °C. The strongest recovery effect is found at 
temperatures just above 60 °C, which is close to the melting 
point. The strain recovery rate for polymer networks having 
gel contents lower than 30% already decreases strongly 
during the first four thermocycles. In contrast, the strain 
recovery rates of polymer networks which are cross-linked 
more strongly, with gel contents higher than 30%, stay 
constant or increase during the first four cycles. 

Table 12. Dependence of the strain recovery rate (R,) and strain fixity rate 
(R f ) on gel content of poly[ethylene-co-(vinyl acetate)] (EVA) as an 



estimate for the degree of cross-linking. The values are tat 
in ref. [104]. 


:en from Table 3 


Sample (gel content) 


R,[%] 


*.[%] 


EVA non-cross-linked 


34.8 


99.0 


EVA (3.2%) 


40.0 


98.5 


EVA (5.5%) 


50.0 


97.5 


EVA (10.5%) 


68.3 


97.7 


EVA (33.5%) 


94.2 


96.1 


EVA (41.5%) 


98.3 


95.0 
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and 100 wt % . The melting point of the crystalline domains of 
41 to 42 °C is independent of the octadecyl vinyl ether content, 
which supports the assumption of almost complete phase 
separation. A strain fixity rate of 83% is reached upon 
stretching a polymer sample to £ m = 100% at 60 °C and 
subsequent cooling. A further heating up to 60 °C initiates the 
shape-memory effect. The materials recovery is described as 
being complete. However, the strain recovery rate was not 
quantified more precisely with respect to the composition of 
the material.! 106 ' 107 ) 



2.6. Biodegradable Shape-Memory Polymer Systems 

A very promising field in which shape-memory polymers 
can be the enabling technology for future applications, is the 
area of biomedicine.l 1 ' 108 ' 109 I Synthetic, degradable implant 
materials have led to dramatic progress in a variety of medical 
treatments. The highly innovative potential of degradable 
biomaterials is opposed by the time-consuming and cost- 
intensive procedure for obtaining approval for use in medical 
devices. In the next section, a short overview about well- 
established materials used for implants is followed by the 
introduction of degradable implant materials which exhibit a 
thermally induced shape-memory effect. 



2.5.2. Synthesis of Shape-Memory Networks by 
Copolymerization of Monofunctional Monomers with 
Low-Molecular Weight or Oligomeric Cross-Linkers 

Covalently cross-linked copolymers made from stearyl 
acrylate, methacrylate (37), and /V,/v~'-methylenebisacryl- 
amide as a cross-linker exhibit a shape-memory effect. The 
thermal transition triggering the shape-memory effect is the 
melting point of the crystalline domains formed by the stearyl 
side chains. The content of stearyl acrylate varies between 25 
and 100 mol % . The melting/switching temperatures r, rans for 
the shape-memory effect are found between 35 °C for a stearyl 
acrylate content of 25 mol % and 50 °C for pure stearyl 
acrylate cross-linked by /V.W-methylenebisacrylamide. The 
temporary shape is programmed by stretching the sample at 
60 °C and then cooling. The permanent shape will be 
recovered if the polymer sample is heated up above the 
switching temperature.' 1051 



O I OC..H- O 



Multiphase copolymer networks are obtained by radical 
copolymerization of poly(octadecyl vinyl ether)diacrylates 
(38) or -dimethacrylates with butyl acrylate. The octadecyl 
side chains can crystallize because of the phase separation. 
The poly(octadecyl vinyl ether)diacrylates used in the syn- 
thesis have number-average molecular weights of around 
5000. The poly(octadecyl vinyl ether) contents are between 20 



2.6.1. Degradable Implant Materials 

Significant progress was made in surgical procedures at the 
beginning of the 1970s by the introduction of resorbable, 
synthetic implant materials as suture materials.! 110 ' 111 ! These 
materials are polyhydroxycarboxylic acids, such as polyglyco- 
lide 39, or the copolyesters of L-lactic acid and glycolic acid. 
These aliphatic polyesters are still being used successfully 
today and have become a well established standard. Only a 
few other degradable polymers o 
have been commercialized since ~~r-|f'~ v o''^--' 0 Hr 39 
that time. This fact is caused by o 
the time-consuming and cost-in- 
tensive approval procedure for medical devices. An example 
of a group of materials which were developed in the 1980s are 
the polyanhydridesJ 1121 Based on a polyanhydride matrix, the 
implantable drug-delivery systems gliadel (treatment of brain 
tumors glioblastoma multiforme) and septicin (combat of 
chronic bone infections) have been developed. Polyanhy- 
drides show surface erosion, while polyhydroxycarboxylic 
acids are degraded in the bulk. 

The number of potential applications for degradable im- 
plant materials is growing constantly. On the one hand, the 
growing confidence of clinicians in the concept of degradable 
implants on the basis of the positive experience gained upon 
application of established materials have led to this trend. On 
the other hand, novel therapeutic concepts have been 
developed using the advantages of degradable biomaterials, 
for example, tissue reconstruction based on porous scaffolds, 
which can be cultivated with cells (tissue engineering). I 113 ' 114 1 

The requirements for an implant material are determined 
by the specific application. The key properties of degradable 
biomaterials are their mechanical properties, their degrada- 
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tion rate, and degradation behavior, as well as biocompati- 
bility and functionality. Each application requires a specific 
combination of these properties. With the growing number of 
potential applications, the number of materials needed that 
show different combinations of these properties is also 
increasing. However, the properties of the established bio- 
materials can only be varied in a limited range. Therefore, a 
new generation of degradable implant materials is needed. 

The shape-memory polymers presented in the following 
section are considered to be promising candidates for the next 
generation of degradable implant materials. This concept is 
especially promising for these materials because it is a 
polymer system, that is, a group of polymers in which different 
macroscopic properties of the polymer can be varied virtually 
independently from each other in a wide range by only small 
changes in the chemical structure. 

2.6.2. Polymer Systems with Shape-Memory Properties 

Stimuli-sensitive implant materials have a high potential for 
applications in minimally invasive surgery. Degradable im- 
plants could be inserted into the human body in a compressed 
(temporary) shape through a small incision. When they are 
placed at the correct position, they obtain their application- 
relevant shape after warming up to body temperature. After a 
defined time period, the implant is degraded and becomes 
resorbed. In this case a follow-on surgery to remove the 
implant is not necessary. 

Metallic shape-memory alloys such as nitinol are already 
used for biomedical applications as cardiovascular stents, 
guide wires, as well as orthodontic wires. 13,1 However, the 
mechanical properties of these alloys can only be varied in a 
limited range. The deformation between temporary and 
permanent shape is limited to 8 % at best. Furthermore, the 
programming of these materials is time-consuming and 
demands temperatures of several hundred degree Celsius. |22el 

Designing degradable shape-memory polymers includes 
selecting suitable netpoints, which determine the permanent 
shape, and net chains, which act as switching segments. 
Furthermore, appropriate synthetic strategies have to be 
developed. The risk of possible toxic effects of polymers can 
already be minimized by selecting monomers whose homo- or 
copolymers have been proven to be biocompatible. 

Appropriate switching segments for degradable shape- 
memory polymers can be found by considering the thermal 
properties of well-established degradable implant materials. 
The respective macrodiols, which can be used for the synthesis 
of shape-memory polymers, can be produced by means of 
ring-opening polymerization of lactones and cyclic diesters, 
such as 40 -44, with a low molecular weight diol (Scheme 2). 
The sequence structure of the copolyesters can be influenced 
by polymerizing with or without catalyst. The molecular 
weight M„ could be adjusted between 500 and 10000 by the 
stochiometric ratio of the starting materials. I 115 ' For biomed- 
ical applications, a thermal transition of the switching seg- 
ments in the temperature range between room and body 
temperature is of special interest. Two possible candidates 
were identified for use in this temperature range: poly- 
(e-caprolactone)diols, which exhibit a melting temperature T m 
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40 41 42 43 44 

J 

jl + HO-R-OH 

HO-co-o!igo(ether)ester- R — co-oligo(ether)ester— OH 
Scheme 2. Synthesis macrodiols from cyclic of diesters and lactones. 

in the range of 46 and 64 °C (see Table 3), as well as 
amorphous copolyesters of diglycolide 40 and dilactide, which 
have a glass transition temperature T g in the range between 35 
and 50°C |1101 However, one has to be aware that the decrease 
in glass transition temperature of macrodiols with decreasing 
chain length is attributed to the amount of freely moving 
chain ends. If the end groups of these telechelics are bonded 
covalently into a polymer, the decrease in the T g value can no 
longer be observed. 

The netpoints can either be of physical or chemical nature 
(see Section 2.1.2). In the following section one example for 
each case of a thermoplastic elastomer and a covalently cross- 
linked polymer network are described. 



2.6.2.1. Biodegradable Thermoplastic Elastomers with Shape 
Memory 

A series of biocompatible and simultaneously biodegrad- 
able multiblock copolymers with shape-memory properties 
could be synthesized for the first time based on the macrodiols 
shown in Scheme 2. The thermoplastic elastomers resulting 
from the synthesis are elastic at room temperature and exhibit 
high elongation at break « R of 650 to 1100% with tensile 
moduli between 34 and 90 MPa.I" 6 > 

On the one hand, these polymers are linear multiblock 
copolymers that have a crystallizable hard segment (T m ) of 
poly(p-dioxanone) (45) and an amorphous switching segment 
(here, poly[(L-lactide)-co-glycolide] (46) with a glycolide 
content of 15 mol%) that exhibits a glass transition temper- 
ature T t . On the other hand, multiblock copolymers have 
been synthesized whose switching-segment-determining 
blocks consist of a crystallizable poly(e-caprolactone) seg- 
ment. 

45 46 

The thermoplastic elastomers are synthesized by a co- 
condensation of two different macrodiols by means of a 
bifunctional coupling agent, for example, diisocyanate, diacid 
dichloride, or phosgene (Scheme 3). It is necessary to reach 
high molecular weights with values of M„ in the range of 
100000 to obtain the desired mechanical properties. The 
molecular parameters that determine this polymer system are 
the molecular weight, the microstructure (sequence), and the 
co-monomer ratio of the macrodiols as well as the hard- 
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n HO— I l-OH + m HO~^J~\_yOH + (n*m) OCN NCO 




block block 

Scheme 3. Synthesis of multiblock copolymers by the coupling of different 
macrodioles. 



segment content within the multiblock copolymer. The new 
copolyester urethanes are completely hydrolytically degrad- 
able, and the degradation rate can be varied over a wide range 
(Figure 8). In contrast to the degradation behavior of several 
polyhydroxycarboxylic acids, mass loss can be observed quite 
early in the case of the shape-memory polymers under 
investigation. It is found that they become almost linear with 
degradation time. 




Figure 8. Hydrolytic degradation of different copolyester urethanes in 
aqueous buffer solution (pH = 7) at 70°C. System A: Switching segment 
from poly(L-lactide-co-glycolide) with a content of 15 mol% glycolide with 
30wt% (o) and 40wt% hard segment (o); system B: switching segment 
from poly(f-caprolactone) with 30 wt% hard segment (a). 



2.6.2.2. Biodegradable Polymer Networks with Shape 
Memory 

A polymer system with an AB polymer network structure 
has been developed based on oligo(e-caprolactone)diol as the 
component that forms a crystallizable switching segment.!') 
For that purpose, oligo(e-caprolactone)diols have been func- 
tionalized with methacrylate end groups that can undergo a 
polymerization reaction. The co-monomer of choice was re- 
butyl acrylate because of the low T e value of pure poly(«-butyl 
acrylate) (-55°C) which is supposed to determine the soft 
segment of the resulting polymer network. The molecular 
weight of the used oligo(e-caprolactone)dimethacrylate cross- 
linker and the co-monomer content of butyl acrylate repre- 
sent the molecular parameters for controlling crystallinity as 
well as the switching temperature and mechanical properties. 
In contrast to the described process for the cross-linking of 
diacrylates by photopolymerization, in this case the cross- 
linking is performed without the addition of an initiator. I 1 "1 
The number-average molecular weights of the oligo(e-capro- 
lactone)dimethacrylates used were 2000 and 10000. The 
cross-link density was varied by the addition of 11 to 
90 wt % butyl acrylate in the case of the low molecular weight 
and by addition of 20 to 71 wt% butyl acrylate for the high 



molecular weight oligo(e-caprolactone)dimethacrylate. The 
cross-link density increases with decreasing content of butyl 
acrylate. 

The butyl acrylate content influences the thermal proper- 
ties of the AB network formed, especially for the oligo(e- 
caprolactone)dimethacrylate with a molecular weight of 2000. 
Here, a melting point of T m = 25 "C can be observed only in 
the case of a very low content of butyl acrylate of 11 wt % . The 
corresponding homo-network of oligo(e-caprolactone)dimeth- 
acrylate has a melting point of 32 °C. All the other networks of 
this series were found to be completely amorphous. For the 
networks of butyl acrylate and oligo(e-caprolactone)dimetha- 
crylate having a number-average molecular weight of 10000, 
the melting point decreases by up to 5 K to 46 °C with 
increasing butyl acrylate content. 

The mechanical properties of both materials containing 
oligo(e-caprolactone) segments with number-average molec- 
ular weights of 2000 or 10000 change significantly with 
increasing butyl acrylate content. The values of the elastic 
modulus, the tensile strength a m , and the tensile stress at 
break cr R decrease by approximately an order of magnitude. 
The absolute values are one order of magnitude higher for the 
series with the oligo(e-caprolactone) segments having num- 
ber-average molecular weights of 10000. Strain fixity rates 
between 95 and 85 % as well as strain recovery rates from 98 
to 93 % could be obtained in cyclic, thermomechanical tensile 
tests of the network containing the higher molecular weight 
oligo(e-caprolactone) segments. All materials reached a 
constant strain recovery rate of 99% after three thermocycles 
(Figure 9). 




20 30 40 50 60 70 80 
*(2) 

Figure 9. Shape recovery rate /?, ,„, and shape fixity rate R s as a function of 
butyl acrylate (2) content x (in wt%). 

3. Summary and Outlook 

Shape-memory polymers belong to the group of intelligent 
("smart") polymers. They have the capability to change their 
shape on exposure to an external stimulus. This article has 
given an overview of the state of the art and the future 
potential of the shape-memory technology for polymers with 
a thermally induced one-way effect. The polymer switches 
from its actual, temporary shape to its memorized, permanent 
shape when it exceeds the switching temperature r lrans . 

This shape-memory technology consists of two compo- 
nents: on the one hand the polymer architecture or morphol- 
ogy has to fulfill certain structural requirements, and on the 
other hand a special processing and programming technology 
is needed. Optimizing these two components includes the 
application of special characterization techniques. In partic- 
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ular cyclic, thermomechanical measurements are performed. 
These methods allow not only quantification of the shape- 
memory effect but also optimization of programming param- 
eters (r low , r high , heating rates, e m , etc.). A detailed knowledge 
of the molecular mechanism of the shape-memory effect and 
of the corresponding structure/property relationships is 
necessary to understand the mutual dependencies of the 
different macroscopic effects. For example, the strain recov- 
ery rate R T not only depends on the kind of polymer but also 
on the strain e m that describes the maximum deformation 
during the cyclic thermomechanical tensile test. Only a few 
data sets concerning the shape-memory properties of the 
polymers which are comparable to each other and systemati- 
cally determined are described in the scientific literature. A 
complete data set comprises, in particular, a comprehensive 
characterization of the structure and composition of these 
polymers. 

In the broadest sense, shape-memory polymers that show a 
thermally induced shape-memory effect are networks. The 
netpoints, which can either have chemical or physical nature, 
determine the permanent shape. The net chains show a 
thermal transition in the temperature range in which the 
shape-memory effect is supposed to be triggered. The 
temporary shape can be stabilized by the transition r, rans 
which is based on the switching segments. If a polymer 
contains several different blocks, mixed phases can be formed, 
to which a single mixed glass transition is attributed. The 
mixing behavior of the switching segment with other segments 
has to be considered during the design of the polymer. This is 
of particular importance if the shape-memory effect is 
triggered by a glass transition. If r, ra „ s is a melting point the 
crystallization behavior of the switching segment can be 
influenced by modifying different programming parameters. 
These parameters include the cooling rate from T hlgh to r lmv , 
the temperature r low at which the polymer sample crystallizes, 
and the time period when the sample is held at T low . Both the 
deformability from the permanent to the temporary shape 
and the recovery of the permanent shape can be attributed to 
entropy elasticity on the molecular scale (see Section 2.1.3). 

Thermoplastic elastomers and covalent polymer networks 
differ not only in their properties but also in the correspond- 
ing processing and programming procedures. Certain limita- 
tions arise from the molecular structure of both types of 
materials. Block copolymers with shape-memory properties 
require a minimum weight fraction of hard-segment-deter- 
mining blocks to ensure that the respective domains act as 
physical netpoints. Relaxation and reorganization processes, 
such as the sliding of chains in single domains, can complicate 
the programming of these materials. Covalently cross-linked 
shape-memory polymers can comprise a higher weight 
fraction of switching-segment-determining blocks compared 
to thermoplasts. Exceeding the switching transition may, in 
the case of a very high content of the switching segment, result 
in the occurrence of high stresses, which may, in an extreme 
example, cause damage to the sample. 

As a result of their different profile qualities, both types of 
material, thermoplastic elastomers and covalently cross- 
linked polymer networks, are qualified for different applica- 



tions. Therefore, both will have relevance for industrial 
applications in the future. 

The handling of high molecular weight, amorphous poly- 
mers whose permanent shape is exclusively fixed by entan- 
glements of the polymer chains within a certain time interval 
are challenging. For example, high precision for the program- 
ming as well as for the recovery process is necessary to avoid a 
flowing of the material. However, long-term storage of 
samples in their temporary shape is difficult because mod- 
ification of the permanent shape by any type of relaxation 
processes may occur. Therefore, a broad range of applications 
for such materials is unlikely. 

A group of implant materials with shape memory that have 
been developed for biomedical applications was described. 
These implant materials are not a single polymer with a 
specific composition but polymer systems which allow varia- 
tion of different macroscopic properties within a wide range 
through only small changes in the chemical structure. For this 
reason a variety of different applications can be realized with 
tailor-made polymers of the same family. The polymers are 
mainly synthesized from a few monomers that are already 
used in the synthesis of established, degradable biomaterials. 
Both thermoplastic elastomers as well as covalently cross- 
linked polymer networks have been prepared and investigat- 
ed. The synthesis of thermoplastic multiblock copolymers 
could successfully be scaled-up to the production of kilogram 
amounts in batch processes. Comprehensive in vitro inves- 
tigations of their tissue compatibility are currently being 
performed. The first results are promising. In cooperation 
with physicians and biologists, concrete applications are being 
developed and tested in preclinical studies. 

The thermally induced one-way shape-memory effect is not 
confined to polymers. It has also been described for other 
materials, especially for metallic alloys and gels. However, the 
mechanical properties of shape-memory alloys, such as 
nitinol, can only be varied over a limited range. Their 
strongest restriction is the maximum deformation of only 
8% between their permanent and temporary shapes. Shape- 
memory polymers can be deformed to much higher degrees 
and elongation up to 1100% is possible. Their mechanical 
properties can be varied over a wide range, particularly in the 
case of polymer systems. Polymers are cheaper than metallic 
alloys. Their processing and programming is less complicated. 
The fast programming process of shape-memory polymers 
enables an implant to be individually adapted to the need of a 
patient in the operating theatre. In principle, shape-memory 
polymers differ from stimuli-sensitive hydrogels in their 
higher mechanical stability. 

Potential applications for shape-memory polymers exist in 
almost every area of daily life: from self-repairing auto bodies 
to kitchen utensils, from switches to sensors, from intelligent 
packing to tools. Only a few of these applications have been 
implemented to date, since only a few shape-memory 
polymers have so far been investigated and even less are 
available on the market. The majority of these polymers have 
not been designed especially as shape-memory materials. 
Here, the material design is at its very beginning. Extensive 
innovations have to be anticipated because of the interesting 
economical prospects that have already been realized for the 
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shape-memory technology within a short time period. Besides 
other stimuli, such as light or electromagnetic fields, the two- 
way shape-memory effect will play a prominent role in future 
developments. 

An example which illustrates the tremendous potential of 
the shape-memory technology are polymer systems with 
shape-memory properties which have specifically been devel- 
oped for medical applications by applying modern methods of 
polymer chemistry and biomaterial science. These develop- 
ments have resulted in available intelligent polymers with 
tailor-made properties. Degradable shape-memory polymers 
provide interesting advantages over metal implants. On the 
one hand a follow-on surgery to remove the implant can be 
avoided, and on the other hand such medical products can be 
introduced into the body by minimally invasive procedures 
through a small incision. In this way, patients benefit from a 
more gentle treatment and costs in health care can be 
reduced. In this sense, shape-memory implant materials have 
the potential to influence decisively the way medicinal 
products are designed in the future. 

4. Abbreviations 

2,4-TDI toluene-2,4-diisocyanate 

BEBP bis(2-hydroxyethoxy)biphenyl 

BHBP bis(2-hydroxyhexoxy)biphenyl 

HDI hexamethylene diisocyanate 

HDPE high density polyethylene 

LDPE low density polyethylene 

MDI methylenebis(phenylisocyanate) 

NIPA iV-isopropylacrylamide 

PAAM polyacrylamide 

PE polyethylene 

PEO polyethylene oxide 

PET polyethylene terephthalate 

PEU polyester urethane 

Poly(THF) poly(tetrahydrofuran) 

POSS polyhedral, oligomeric silsesquioxane 

PS polystyrene 

PVC polyvinyl chloride) 

R t strain fixity rate 

R T strain recovery rate 

SC switching segment content 

T g glass transition temperature 

T m melting temperature 

Ttons switching temperature 

s m maximum strain in the cyclic thermomechanical 
test 

a tensile stress 
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